US006925380B1
a2 United States Patent (10) Patent No.: US 6,925,380 B1
Harrison, Jr. et al. 45) Date of Patent: Aug. 2, 2005
(54) NAVIGATION CONTROL SYSTEM 6,049,745 A * 4/2000 Douglas et al. ............... 701/23
6,061,613 A * 5/2000 Zyburt et al. ................. 701/24
(75) Inventors: John H. Harrison! Jr_? Plano, TX 6?259?991 B1 * 7/2001 Nysen ........................ 701/300
(US); J. Howard Harrison, Mobridge, 6,281,841 B * §/2001 Nev:ill ........................ 342/424
SD (US) 6,366,853 B1 * 4/2002 Whikehart et al. ......... 701/2?3
6,415,291 B2 * 7/2002 Bouve et al. ................. 707/10
(73) Assignee: Acuere Technologies Corporation, 2002/0019701 A1 * 2/2002 Miller ......coovvivinnneninn. 701/214
Keller, TX (US) FOREIGN PATENT DOCUMENTS
(*) Notice:  Subject to any disclaimer, the term of this IP 11118900 A = 4/1999 v, GO15/5/14
patent 1s extended or adjusted under 35 * cited by examiner
U.S.C. 154(b) by 0 days.
Primary Fxaminer—Thomas G. Black
(21) Appl. No.: 10/697,671 Assistant Examiner—Iuan C 1o
‘ (74) Attorney, Agent, or Firm—Law Office of Paul W.
(22) Filed: Oct. 29, 2003 Fulbright, PLLC
Related U.S. Application Data (57) ABSTRACT
(60) Provisional application No. 60/422,454, filed on Oct. 30, _ _ o _
2007, A real-time path-directed controller for navigating an object
. along a desired path 1s disclosed. The controller comprises:
(51) Int. CL." ..o, GO6F 17/00, G01C 21/00 q pOSitiOIl sensor which contributes to the pIOdUCtiOIl of a
(52) US.CL ..o, 701/209; 342/357, 342/457, conditioned object position signal to a controller summer; a
342/386; 340/995 heading conditioning module which contributes to the pro-
(58) Fi@ld Of SEHI'Ch ................................. 701/209, 213, duc‘[ion Of a Condi‘[ioned heading Signal to ‘[he COI]tI'OH@I'
701/214, 201, 208; 342/357, 457, 386, summer; a control apparatus sensor which contributes to the
358, 352, 118, 25, 424; 340/995, 988, 990, production of a conditioned control apparatus signal to the
995.22 controller summer; and a control apparatus null position
conditioning module which contributes to the production of
(56) References Cited a conditioned null position signal to the controller summer.
US PATENT DOCUMENTS The controller summer sums the signals to produce' a con-
troller summer signal to a controller summer conditioning
4217587 A * &/1980 Jacominl .................... 342/372 module so as to produce a control apparatus control Signa]
4,850,037 A * 7/1989 Bochmann ............... 455/276.1 to a control apparatus controller so as to direct the control
4,939,791 A * 7/1990 Bochmann et al. ...... 455/276.1 apparatus and thereby direct the object by feedback control
5,636,123 A * 6/1997 Richetal. .................. 7017207 along the desired path.
5778324 A * 7/1998 Smith ..cooovrevreriennnn, 455/562.1
5825327 A * 10/1998 Krasner ................ 342/357.09
6,037,893 A * 3/2000 Lipman .........ccccco....... 342/25 6 Claims, 8 Drawing Sheets

s TR - WA BN Ol WE aEw T e gl —-—_-_________.1 I {ZW
' oo | s vise 1 [gps
Kp) £7o6 - —lot | | | Recsiver
l—'- . .' il G e G s ‘ \
2— aan
122 |- —
‘ Relative . ' - . | /¢
Heading &1 Desired |
e .i':a_'j- "




U.S. Patent Aug. 2, 2005

Sheet 1 of 8 US 6,925,380 B1
~. <3
o
~ -
\ —
\ o)
' p—
| L
~



U.S. Patent Aug. 2, 2005 Sheet 2 of 8 US 6,925,380 B1

Figure 2



1018130y

- [934M
jonuo)

US 6,925,380 Bl
-
E

Sheet 3 of 8

Aug. 2, 2005

| J1aAIBOY
Sd©

U.S. Patent



US 6,925,380 Bl

Sheet 4 of 8

Aug. 2, 2005

U.S. Patent

g 9131
e e iy
_
_ vel Uied 2t LHBC) "
| o/l Bujiaels ol 1471 welsAS | oy
_ m N 8]0IUaA [ _ N buuea)g _ Y
uopisod | \ [ GrupesrR, A E QP/MP < T mﬂ _
_ _ _
220 8L ¥l olf. 90/ 2o/ I
[ !
_ _
b e e e e e e e e e, e e e =
[9POJA JIUIRUA(T S]OIYIA
Vi 2In31 ]

(B & S5 AN w D) + (Y 5 AY & B 4 SH) 4 S+ (B uSY) 4 .S + (A1100p20) .
AY « B  SY AN

=(S).



—
==
—
% e 1°a4 -
\y - J08ueg || 303emioy
N\ [594M || °eUA
) G 2In31 “Jonop-
w ¥ 424 - _
g o ol e s SR
A= "= Tiraw
1 |}
= 11|
= ']
- 72_L
o~
= Qmw\r_\_
2 |
_._ .
I o
10 i
= “ 6
,,,...,, L b
= Pl
< 205 “ |

JETYERET

I el s

U.S. Patent
3



U.S. Patent Aug. 2, 2005 Sheet 6 of 8 US 6,925,380 B1

-l-.-_-'ll-

’-l‘ ‘h“‘
¥ 4 “
1 \
i \
\ |
3 O -
\O
o
-
of)
& g
b
m a <
\
f
!
N V4
L N ~”

Sy
-_“’



US 6,925,380 Bl

Sheet 7 of 8

Aug. 2, 2005

U.S. Patent

r T

| mﬂu JosUag .._oa.mﬂo{_ il
| [33Y M\ UM L A +
| lonwod || 108593 | } oy /L T[] | 3
S |1 L 9Inalg
526 2267 0z6” ©' 2 _
_ e |
_ .
e e . e —— . . EE. T ——— — e — J
~ UOT 1 9I0IYIA B
. 16
! : NL . ] Buueslg E6 _
7A ,
" _ _H QE>>_U_.A IR/MP mﬂ A _ i
; lte |ol6 967 T067 4 _ !
— b amme GEES MMD e i S eeeh SEER  — P —
e o6 ]
l S — G-
_ . -1 12 | _ _ _
! | _ Buipes |- - ]
_ | ﬂ orgsey N, | _ )
_ E ul B . 766 "
! _. : | _.
19AIR09Y | y o 216 I
Sd9 | | | _
!




€26

US 6,925,380 Bl

Sheet 8 of 8

Aug. 2, 2005

U.S. Patent

JIEYNELEN

101Ny

| | losuag” |
Pagm || 1999
- | Tomuo) '} [O[UOY

T T T T TR T T T

Sd9

g om31

Wa)sAQ
N1 Bupadg

<

3y

$/T |
_ QuhSUA ~P/MP




US 6,925,380 Bl

1
NAVIGATION CONTROL SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATTONS

This application claims the benefit of:

U.S. Provisional Application No. 60/422,454, filed Oct.
30, 2002 (entitled “Navigation Control System™).

BACKGROUND OF THE INVENTION

Many applications today require the navigation of a
vehicle along a desired path. These applications vary widely
and 1nvolve vehicles suited for travel over land, sea or air.

In many cases, the navigation of a vehicle 1s accomplished
in onc of three major ways. First, the function may be
performed by a human being skilled 1n the operation of the
particular vehicle. With an understanding of the vehicle
performance characteristics and navigational control
apparatus, the operator navigates the vehicle along the
desired path. An example of this “manual” mode of navi-
gation 1S the farmer steering his tractor across a field.

A second major navigational system features the use of
one or more automated systems to assist a human operator
In navigating/steering the vehicle. In many of these systems,
which are referenced 1n this disclosure as “assistive”
systems, the system evaluates the position of the vehicle
compared to the desired path and provides feedback to the
human operator usually by means of some kind of visual
display.

A third major navigational system allows an automated
system to take complete (or near-complete) control over the
task of navigating the vehicle. An example of this type of
“automated” mode of navigation 1s the “autopilot” which is
commonly employed in modern jet aircraft.

Each of these navigational systems feature certain advan-
tages and disadvantages. Manual systems, which rely upon
human operators for most of the navigational control
function, are 1inherently simpler and less expensive to own
and operate. However, human operators have limitations
which may affect efficiency. For example, a human operator
may find it relatively easy to steer a twenty-four-inch-wide
lawn mower across his lawn. However, if given the
opportunity, that same operator would likely discover how
difficult 1t 1s to efficiently navigate a ninety-foot-wide fer-
filizer sprayer across a thousand-acre field which 1s free of
helpful landmarks. In attempting this latter task, he will
discover that he frequently “skips” some large swaths of
land (resulting in localized under-treatment of crops) while
“overlapping” others (resulting in localized over-treatment
of crops).

Assistive systems can dramatically improve the efficiency
with which the operator navigates his vehicle. However,
they can also be quite burdensome. Simply put, the farmer
piloting today’s complex, instrument-laden tractors has mul-
tiple duties; he cannot focus one hundred percent of his time
and attention upon steering alone. Similarly, he finds 1t tiring
to utilize assistive technologies that demand that he spend an
entire ten-hour day staring at a feedback display.

For these reasons and more, there 1s a great demand for
automated navigational systems. These systems, properly
designed, have the potential for increasing the efficiency
with which a vehicle 1s navigated while simultaneously
freeing the operator to focus upon other tasks. Furthermore,
use of automated technologies, such as the one described
here, 1n agricultural applications can yield a significant
reduction 1n fertilizer and herbicide spray overlap which
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results 1n benefits to the soil, crops, and waterways that
receive run-oif from treated land. Overlap reduction also
results 1n the conservation of energy resources. It 1s to these
automated systems, and to more user-friendly assistive
systems, that this disclosure has primarily been directed.

BRIEF SUMMARY OF THE INVENTION

A real-time path-directed controller for navigating an
object (such as an agricultural vehicle plowing a field) along
a desired path 1s disclosed.

The controller comprises a position sensor which receives
signals, such as global positioning system (i.e., “GPS”)
signals, which 1dentify its position. In conceptual terms,
these signals of position are compared frequently by the
controller to the desired path of the object (e.g., the vehicle)
so that the controller can generate control signals which
direct/navigate the object along its desired path.

The method by which the controller accomplishes its
objective 1s disclosed 1n detail herein. In brief, the position
sensor contributes to the production of a conditioned object
position signal to a controller summer. The controller also
comprises a heading conditioning module which contributes
to the production of a conditioned heading signal to the
controller summer and a control apparatus sensor which
contributes to the production of a conditioned control appa-
ratus signal to the controller summer. Finally, the controller
may optionally comprise a control apparatus null position
conditioning module which contributes to the production of
a conditioned null position signal to the controller summer.

The controller summer sums the signals to produce a
controller summer signal to a controller summer condition-
ing module so as to produce a control apparatus control
signal to a control apparatus controller. The control appa-
ratus controller directs the control apparatus and thereby
directs the object by feedback control along the desired path.

DESCRIPTION OF THE FIGURES

FIG. 1 depicts a desired path between two points.

FIG. 2 depicts a desired path between two points and a
second desired path offset from the first.

FIG. 3 depicts the instant inventive controller.
FIG. 4A depicts a transfer function.
FIG. 4B depicts a dynamic model.

FIG. § depicts an alternative embodiment of the instant
inventive controller.

FIG. 6 depicts a desired path between two points and a
second desired path offset from the first and a third desired
path offset from the second.

FIG. 7 depicts an embodiment which manages valve
non-linearities and noise.

FIG. 8 also depicts an embodiment which manages valve
non-linearities and noise

DETAILED DESCRIPTION

Overview of Navigation System Components

The automated navigation system described in this dis-
closure utilizes a global positioning system (GPS) receiver,
controller, wheel actuator assembly, control wheel position
sensor, and 1terconnecting cables/communication conduits.
Additional embodiments may utilize additional or different
sensors, €.g. 1nertial, optical, acoustic, magnetic, or gravity-
biased sensors. Interfacing with these components, the con-
troller 1ncorporates unique control feedback methods that
comprise the mvention.
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Navigation Along a Desired Path

FIG. 1 depicts a desired path 2 between points A and B in
a field. While navigating across the field, the vehicle 4 will
occasionally deviate from the desired path 2. This deviation
1s shown by the dotted path 3. It 1s desired to navigate the
vehicle back to path 2. An example of a path that returns the
vehicle to desired path 2 1s shown by dotted path 5.

Desired path mformation can be obtained 1n a number of
different ways, €.g. (a) downloaded to the controller from an
external source or program; or (b) generated in the field by
storing coordinate positions (e.g., GPS coordinate
positions). Generation of coordinate positions in the field
could be accomplished in several ways including (i) in real
time while driving across the field (including along a curved
path); (i1) for two distinct points in the field (thereby defining
a path, e.g., a straight line, between the two points); or (ii1)
by means of a path generation program based upon a set of
boundary points and conditions.

When generating path information in the field, 1t may be
desired to generate the second and subsequent paths as an
offset (for example, a ninety-foot offset) from the first path.
Thus, referring to FIG. 2, after the vehicle has traveled from
point A to point B on path A-B, 1t 1s desired to turn the
vehicle around and navigate the vehicle from point C to
point D along parallel curvilinear path C-D.

Components of a Novel Control Scheme

The novel control scheme described herein calculates a
control signal that facilitates navigating a vehicle along a
desired path. In order to clearly describe the system, it 1s
useful to define a number of terms associated with both the
vehicle and the control system that directs it.

The absolute location of a vehicle 1s referred to herein as
its position. The distance from the path to the vehicle along
a line perpendicular to the path and intersecting the vehicle
1s known as the position error. The point where this perpen-
dicular line intersects the path 1s known as the control point.
A position error distance 6 and control point 8 are depicted
oraphically at FIG. 2. The desired heading is the direction
tangent to the path at the control point. The actual heading
1s the direction the vehicle 1s moving at 1ts current position.
The signed difference between the desired heading and the
actual heading 1s known as the relative heading.

The manner 1n which a vehicle 1s navigated depends on
the type of vehicle. A farmer steers or navigates his tractor
by turning the steering wheel which, in turn, through a
variety of mechanical and/or hydraulic linkages, turns one or
more of the wheels on the tractor (these wheels hereinafter
referred to as control wheel(s)) to effect a turn. Other types
of vehicles may employ different control apparatuses to
cffect the turn: e.g., a rudder for watercrait and aircraft;
differential drive rates as 1n a track type vehicle or some
robots. In any case, the principle 1s the same.

Inputs to the Control System

In a typical application, the novel control system
described herein sends control signals to the control wheel
actuator so as to minimize/etfectively eliminate the position
error. It 1s a third order scheme with variable control
parameters (e.g., Kp, Ks, and Kh) calculated in the distance
domain rather than the time domain. Use of the distance
domain, rather than the time domain, constitutes a unique
approach to this particular class of control problem, and,
although 1t 1ntroduces certain complications, it also yields
superior results.

Required inputs to the control system include vehicle
position; desired position; vehicle heading; desired heading;
distance rate of change of the relative heading (dRHeading/
dD); and vehicle velocity. Each of these inputs can be
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determined and communicated to the controller in a number
of ways well known to persons of ordinary skill in the art.

One method of determining vehicle position 1s via GPS
telemetry. Other methods may include optical or acoustical
methods. The relative heading can be determined in a
number of ways (e.g., spatial differentiation of the GPS
telemetry; Doppler phase shift of the local GPS clock; or
additional sensors). The distance rate of change of the
relative heading can be calculated from the control wheel
position and the vehicle turning radius. It can also be
calculated 1n other ways utilizing additional sensors such as
a gyro or compass. The velocity 1s readily available by
spatial differentiation of the GPS telemetry or by external
SENSOTS.

The Control System

FIG. 3 constitutes a depiction of the elements of an
embodiment of the control scheme. These elements may be
reflected 1 physical components or in control software
code.

As the vehicle navigates along a path, the GPS receiver
200 sends a data signal 202 specitying the vehicle position
to summer 102. Summer 102 subtracts the vehicle position
signal 202 from the control point signal 104 (signal 104
produced from control point generator 103) yielding the
position error signal 106. Position error signal 106 enters
multiplier 108 having a gain Kp; multiplier 108 produces
signal 110. Signal 110 enters summer 112. Elements 102,
103, and 108 thus operate as a vehicle position signal
conditioning module 150, producing a conditioned vehicle
position signal 110 which 1s directed to the summer 112.

Data signal 202 1s also directed to differentiator 114.
Positional signal 202 1s differentiated 1n the distance domain
producing signal 116 which 1s thereupon directed to summer
118. Summer 118 sums signal 116 and desired heading
signal 120 (signal 120 produced from desired heading
generator 119) to yield relative heading signal 122. Signal
122 1s routed to multiplier 124 having a gain of Kh yielding,
signal 126 which 1s directed to summer 112. Elements 114,
118, 119, and 124 thus operate as a heading conditioning,
module 160, producing a conditioned heading signal 126
which 1s directed to the summer 112.

Control wheel sensor 302 sends a signal 304 which
represents control wheel position and which 1s proportional
to the distance rate of change of the relative heading to an
analog-to-digital converter 128 which produces signal 130
which 1s, 1n turn, directed to summer 112. As stated above,
as an alternative, signal 304 could be obtained via a gyro or
some other sensor. The mathematical equivalent of signal
304 1n FIG. 3 1s also represented, as discussed further below,
as signal 712 1n the mathematical model of the vehicle 1n
FIG. 4B. Element 128 thus operates as a control apparatus
signal conditioning module 170, producing a conditioned
control apparatus signal 130 which 1s directed to the summer
112.

Although 1t would be apparent to one of ordinary skill 1n
the art from this disclosure, 1if control wheel sensor 302
should actually generate a digital signal directly, then, of
course, analog-to-digital converter 128 would be
unnecessary, although there might still be a need to do some
minor conditioning of the signal, through control apparatus
signal conditioning module 170, to convert it to a form
uscable by summer 112. Similarly, 1f signal 136 should
actually be an analog signal, or if 1t should be desired for
signal 140 to be a digital signal for use by control wheel
actuator 306, then, again, of course, digital-to-analog con-
verter 138 would be unnecessary, although there might still
be a need to do some minor conditioning of the signal,
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through summer conditioning module 190, to convert it to a
form useable by control wheel actuator 306. Finally, 1t may
also be possible to eliminate signal string 304-130 entirely
if control wheel actuator 306 utilizes an internal control
wheel sensor such that control wheel actuator 306 exhibits
the same dynamic response as signal loop 304-130-132-136-
140.

Summer 112 sums signals 110, 126 and 130 as shown to
produce signal 132. Signal 132 is directed to multiplier 134
having a gain of Ks to produce signal 136. Signal 136 is
directed to digital-to-analog converter 138 to produce actu-
ating signal 140. Elements 134 and 138 thus operate as a
summer conditioning module 190, producing a control appa-
ratus control signal 140.

It 1s actuating signal 140 which 1s directed to the control
wheel actuator 306 which turns the control wheel(s) which
navigate/steer the vehicle. The movement of the vehicle 1s
reflected 1n future GPS signals leaving the GPS receiver 200
(which, from a control standpoint, “closes the loop™).
Tuning the Control System: a Useful Step-by-Step Process

In effectively implementing any control system, much of
the scientist’s work lies 1n analyzing the stability of the
system (here the vehicle and the control system which
directs its movement) and effectuating precautions to ensure
system performance stability. Various system parameters
(e.g., Ks, Kb, Kp and the “poles” discussed below) must be
selected (i.e., “tuned”) to ensure or enhance the stable
operation of the system. This process 1s an integrative one
that involves consideration of multiple factors. It 1s also an
iterative process in which an initial set of parameters 1s
chosen, performance 1s evaluated, and the parameters are
revised as necessary to improve performance.

A uselul procedure for the tuning of a control system such
as the one described herein is as follows: (a) a mathematical
dynamic model of the system being controlled (here, a
specific, and unique, vehicle being steered/navigated) is
developed; (b) a model transfer function is developed (from
the dynamic model) which approximates the true dynamics
of the system; (c) an initial set of poles associated with the
model transfer function are chosen; (d) the gain constants
assoclated with the dynamic model, the model transfer
function, and the initial set of poles are calculated; and (¢)
the performance of the system based upon the actions taken
in steps (a) through (d) is evaluated. Based upon the control
engineer’s appraisal of the system performance in step (e),
the poles chosen in step (¢) may need to be adjusted. A
course of trial and error follows until the system performs as
desired.

Desired system performance i1s not simply a matter of
selecting poles and other parameters that mathematically
minimize overshoot or positional error. On the contrary, the
control engineer may recognize human or other factors that
affect the selection of the poles and the gain constants
associated therewith. However, the gain constants refer-
enced in the control scheme (e.g., in FIGS. 3 and §) are
important determinants of macro system stability, and tech-
niques useful for the selection of constants which provide
ogenerally stable control have been developed and are now
described.

Step (a): Development of a Dynamic Model

The first step 1n the tuning sequence referenced above 1s
step (a), the development of a mathematical dynamic model
of the system being controlled (here, a specific, and unique,
vehicle being steered/navigated).

A dynamic mathematical model which has proven itself
useful and effective for agricultural vehicles (e.g., tractors,
sprayers, harvesters) in particular, and which is believed to
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also be usetful for a variety of land-based vehicles, appears
in FIG. 4B. It 1s important to note that the dynamic model
shown, as accurate and effective as it 1s, 1s still only a model
of the vehicle’s true dynamic performance. While 1t 1s
possible to model the same physical vehicle 1n a multitude
of different ways, the model shown 1n FIG. 4B has proven
itself to be surprisingly effective.

In FIG. 4B, signal 700 enters multiplier 702 having a gain
of Kg. Kg 1s the gain response of the electro-mechanical-
hydraulic steering system. Thus, this dynamic model
assumes a linear response of the control wheel actuator
valve; 1f a non-linear valve 1s used, a compensatory tech-
nique should be used to linearize the valve’s performance.
Because the GPS receiver’s signal may well contain noise,
it may be possible to both linearize a non-linear valve and
filter noise through the addition of a first-order filter to the
input of the valve. Mathematically, Kg 1s proportional to the
time rate of change of the steering wheel’s angle at a given
input. It produces signal 704, which represents the time rate
of change of the control wheel’s angular position. Signal
704, in turn, enters multiplier 706 having a gain 1/V(V=
vehicle velocity) which transforms signal 704 from the time
domain to the distance domain producing signal 708.

Signal 708 enters integrator 710 producing signal 712
which represents the position of the control wheel(s) and is
proportional to the distance rate of change of the relative
heading. The actual control wheel position can be measured
and transmitted to the controller as shown 1n FIG. 3 at sensor
302 and signal 304. Signal 712 enters multiplier 714 having
a gain Kv to produce signal 716. Gain Kv 1s the vehicle
turning gain commonly referred to as the turning radius of
the vehicle. Mathematically, Kv 1s proportional to the

inverse of the turning radius at a given control wheel(s)
position. Signal 716 1s directed to integrator 718 producing
signal 720. Signal 720 represents the heading of the vehicle.
Finally, signal 720 1s directed to integrator 722 producing
signal 724 which represents the position of the vehicle.

Signal 700, the iput to the dynamic model for the
vehicle, 1s analogous to signal 0.140 i1n the embodiment
shown 1n FIG. 3 and signal 440 in the embodiment shown
in FIG. § (the latter embodiment discussed below). Signal
724, the output of the dynamic model for the vehicle,
mathematically “returns” to the GPS receiver 200 1n FIG. 3
and GPS receiver 500 1n FIG. 5. The vehicle dynamic model
described above may thus be referenced as a linear
multiplicative—integrative vehicle dynamic model.

Step (b): Development of a Model Transfer Function

The second step, step (b), is the development of a model
transfer function (based upon the dynamic model) which
approximates the true dynamics of the system.

The transfer function associated with the FIG. 4B
dynamic model for the vehicle and the control scheme
depicted mm FIG. 3 1s shown 1 FIG. 4A. This FIG. 4A
transfer function also serves as a useful practical approxi-
mation for the control scheme 1n FIG. 5. The mathematical
methods of deriving transfer functions, such as the one

shown 1n FIG. 4A, are well known to persons of ordinary
skill in the art.

The FIG. 4A transfer function for the depicted control
scheme 15 shown below and 1s valid for any method of
obtaining the required mputs:
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KpxKs+Kg=xKv
53 x (velocity) + 5% = (Ks+ Kg) + 5 =

(Ks«Kg+Kv=Kh)+ (KpxKvxKs+Kg)

T(S) =

In this function, the gain constants Kg and Kv are
physically measured constants, as described above, which
reflect the physical characteristics of the vehicle. As such,
these constants are not time or position dependent and do not
change during operation of the vehicle. It 1s 1mportant to
note that the controller gain constants Ks, Kp, and Kh are
dependent upon the chosen pole positions (described below)
and the velocity of the vehicle.

Finally, it 1s important to note that the dynamic model of
the vehicle and 1ts associated model transter function, when
utilized with the control scheme described herein, are
believed to be particularly effective for agricultural
applications, 1n particular the problem of steering a sprayer
at speeds as high as ten to twenty miles per hour and perhaps
higher, while demonstrating stable and accurate control. The
control scheme, the dynamic model, and the associated

transfer function are all inter-related and, as 1s commonly the
case, are the result of field testing.

Step (¢): Selection of Poles

In the third step, step (c), an initial set of poles (roots of
the characteristic equation) associated with the model trans-
fer function 1s selected. The order of the control scheme
determines the number of poles that must be selected. First
order control schemes have one pole. Second order control
schemes have two poles. Third order control schemes have
three poles. Since this 1s a third order control scheme, there
are three poles that must be selected.

In mathematical terms, each pole resides in the complex
plane and must be defined using either rectangular or polar
coordinates. Polar coordinates are used here. The “X” axis
in the complex plane 1s the “real” axis. The “Y” axis in the
complex plane 1s the “imaginary” axis. Using polar
coordinates, each pole can be defined using two terms: an
angle and a length. In general terms, the angle corresponds
to the controlled overshoot of the system and the length
corresponds to the speed of response.

Depending on the desired response of the control system
(c.g., over damped, critically damped, or under damped),
certain fundamental constraints apply to the selection of pole
locations on the complex plane. For example, 1 over
damped systems, all three of the poles lie on the real axis on
the complex plane. In critically damped systems, all three
poles lie on the real axis however at least two poles must
have equal value. In under damped systems, one pole must
lie on the real axis and the other two poles are complex
conjugates, meaning that they have equal and opposite
imaginary components as well as equal real components.

After selection of the desired response (e.g., over damped,
critically damped, or under damped) for the control system,
then appropriate pole values may be selected 1n accordance
with the above.

Although there may be applications that are optimized
with critically damped or over-damped response systems, it
has been found that the application of this control system to
farm vehicle navigation can be well-served utilizing under-
damped control.

Although there are an infinite number of choices for the
initial pole values for under-damped systems, it has been
determined that choosing pole values near plus and minus
forty five degrees (as measured from the real axis on the
complex plane) is a good starting point for the two poles
with 1maginary components. The length of these two com-

10

15

20

25

30

35

40

45

50

55

60

65

3

plex conjugate poles 1s unique to each vehicle; however, it
1s believed that, for many typical commercial farm vehicles
utilizing commercially available high-quality GPS
receivers, a value of 0.02 ft™ is a good initial value. Recall
that the third pole must lie on the real axis but its length must
be chosen. It has been determined that 0.02 ft™" ft is also a
cgood 1nitial value for the length of this third pole.

Step (d): Calculation of Gain Constants

The fourth step, step (d), is the selection of the gain
constants associlated with the dynamic model, the model
transfer function, and the nitial set of poles.

As discussed above, the constants Kg and Kv are based on
the actual vehicle and do not change during operation. It
should be noted that each unmique vehicle utilizing this
control scheme will require unique values for Kg and Kv.

The values Ks, Kp, and Kh are velocity dependant con-
stants and change with vehicle speed. Theoretically these
values should be recalculated at any incremental velocity
change; however, 1t has been discovered that updating these
values at one mile-per-hour increments 1s more than
adequate for typical commercial applications.

To solve for the gain constants Ks, Kp, and Kh, the
denominator of the transfer function (the characteristic
equation) is set equal to zero and solved using methods
well-known to persons of ordinary skill in the art.

Step (e): Appraisal of System Performance

Finally, in step (¢), the performance of the system based
upon the actions taken in steps (a) through (d) i1s evaluated.
Based upon the control engineer’s appraisal of the system
performance in step (¢), the poles chosen in step (c) may
need to be adjusted. A course of trial and error follows,
repeating steps (c) through (e), until the system performs as
desired.

Minimizing “Drift”

The control system depicted mm FIG. 3, and tuned in
accordance with the dynamic model (FIG. 4B) and associ-
ated transfer function (FIG. 4A), exhibits excellent control
characteristics. However, 1t may “drift” under some condi-
tions. This drift, or systemic erroneous oifset, can be caused
by any number of factors, including increased drag on one
side of the vehicle due to moisture 1n soil, wind, and/or
mechanical drag, and 1s usually related to uncertainties
associated with the null position of the control wheel(s). The
null position of the control wheel(s) is the position which
causes the change 1n the actual heading to be zero.

An augmented control scheme may be employed, when 1t
1s desired to reduce the driit associated with control wheel
null position uncertainties, by the addition of a “steering
driit compensator module” to the control scheme depicted in
FIG. 3. This augmented scheme, which features steering
drift compensator module 480, 1s depicted in FIG. 5. The
drift compensator module 480, as indicated, features gain
constants Ki and Km which are unique to the vehicle,
steering system, sensors, and desired response.

FIG. § constitutes a depiction of the elements of an
embodiment of the control scheme. These elements may be
reflected 1n physical components or 1n control software
code.

As the vehicle navigates along a path, the GPS receiver
500 sends a data signal 502 specifying the vehicle position
to summer 402. Summer 402 subtracts the vehicle position
signal 502 from the control point signal 404 (signal 404
produced from control point generator 403) yielding the
position error signal 406. Position error signal 406 enters
multiplier 408 having a gain Kp; multiplier 408 produces
signal 410. Signal 410 enters summer 412. Elements 402,
403, and 408 thus operate as a vehicle position signal



US 6,925,380 Bl

9

conditioning module 490, producing a conditioned vehicle
position signal 410 which is directed to the summer 412.

Data signal 502 1s also directed to differentiator 414.
Positional signal 502 1s differentiated in the distance domain
producing signal 416 which 1s thereupon directed to summer
418. Summer 418 sums signal 416 and desired heading
signal 420 (signal 420 produced from desired heading
generator 419) to yield relative heading signal 422. Signal
422 1s routed to multiplier 424 having a gain of Kh yielding
signal 426 which 1s directed to summer 412. Elements 414,
418, 419, and 424 thus operate as a heading conditioning
module 494, producing a conditioned heading signal 426
which 1s directed to the summer 412.

Control wheel sensor 602 sends a signal 604 which
represents control wheel position and which 1s proportional
to the distance rate of change of the relative heading to an
analog-to-digital converter 428 which produces signal 430
which 1s, 1n turn, directed to summer 412. As stated above,
as an alternative, signal 604 could be obtained via a gyro or
some other sensor. The mathematical equivalent of signal
604 in FIG. § 1s also represented as signal 712 in the
mathematical model of the vehicle in FIG. 4B. Element 428
thus operates as a control apparatus signal conditioning
module 496, producing a conditioned control apparatus
signal 430 which 1s directed to summer 412.

Signal 430 (analogous to signal 130 of FIG. 3), which is
proportional to the distance rate of change of the relative
heading, 1s directed to summer 442 of drift compensator
module 480. Summer 442 produces signal 444. Signal 444
1s directed to multiplier 446 having a gain Kr yielding signal
448. Signal 448 1s 1n turn directed to multiplier 450 having
cgain “Distance” to yield signal 452. Signal 452 enters
integrator 454 producing signal 456 which represents the
predicted vehicle heading. Signal 448’s path through mul-
tiplier 450 and integrator 454 transforms a time domain
integration 1nto the distance domain. Signal 456 and signal
416 enter summer 438, are summed, and produce the model
error of the vehicle heading 460.

Signal 460 enters multiplier 462 having gain Ki which
produces signal 464. Signal 464 enters integrator 466 pro-
ducing signal 468. It 1s believed that integration at integrator
466 can be implemented in either the time domain or the
distance domain with acceptable results. Signal 468 1is
directed to summer 470.

Signal 460, referenced above, 1s also directed to multiplier
472 having gain Km which produces signal 474. Signal 474
1s directed to summer 470.

Summer 470 sums signal 468 and signal 474 to produce
signal 476. Signal 476 1s, in turn, directed to summer 442.
Summer 442, as indicated above, produces signal 444;
signal 444 1s produced by summing signal 430 and signal
476.

Signal 468, referenced above, 1s also directed to summer
412. Signal 468 represents the actual control wheel(s)’ null
position. As indicated 1n FIG. §, signal 468 1s the output of
the steering drift compensator module 480, a module whose
inputs are signal 430 and signal 416. Thus, elements 442,
446, 450, 454, 458, 462, 466, 472, and 470 operate as a
control apparatus null position conditioning module 480
(also know as a steering drift compensator module 480),
conditioning a distance-differentiated vehicle position signal
416 and conditioned control apparatus signal 430 to produce
a conditioned null position signal 468 which 1s directed to
summer 412.

The steering drift compensator module 480 depicted 1s a
second order system with configurable parameters Ki
(associated with multiplier 462) and Km (associated with
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multiplier 472). Gain Kr (associated with multiplier 446) is
mathematically equivalent to the measured Steering Gain
Kv (associated with multiplier 714 in FIG. 4B).

Although 1t would be apparent to one of ordinary skill 1n
the art from this disclosure, if control wheel sensor 602
should actually generate a digital signal directly, then, of
course, analog-to-digital converter 428 would be
unnecessary, although there might still be a need to do some
minor conditioning of the signal, through control apparatus
signal conditioning module 496, to convert 1t to a form
uscable by summer 412. Similarly, 1if signal 436 should
actually be an analog signal, or if 1t should be desired for
signal 440 to be a digital signal for use by control wheel
actuator 606, then, again, of course, digital-to-analog con-
verter 438 would be unnecessary, although there might still
be a need to do some minor conditioning of the signal,
through summer conditioning module 498, to convert 1t to a
form useable by control wheel actuator 606. Finally, 1t may
also be possible to eliminate signal string 604-430 entirely
if control wheel actuator 606 utilizes an internal control
wheel sensor such that control wheel actuator 606 exhibits
the same dynamic response as signal loop 604-430-432-436-
440 (although, in such a case, due to the absence of signal
430, signal 440 would also need to be conditioned and

directed to summer 442 of steering drift compensator mod-
ule 480).

Summer 412 sums signals 410, 426, 430, and 468 as
shown to produce signal 432. Signal 432 1s directed to
multiplier 434 having a gain of Ks to produce signal 436.
Signal 436 1s directed to digital-to-analog converter 438 to
produce actuating signal 440. Elements 434 and 438 thus
operate as a summer conditioning module 498, producing a
control apparatus control signal 440.

It 1s actuating signal 440 which 1s directed to the control
wheel actuator 606 which turns the control wheel(s) which
navigate/steer the vehicle. The movement of the vehicle is
reflected 1n future GPS signals leaving the GPS receiver 500
(which, from a control standpoint, “closes the loop”).

One final comment regarding the steering drift compen-
sator module 480, and its tuning in relation to the control
scheme as a whole, 1s 1n order. The control scheme 1n FIG.
5 may be tuned using the techniques herein described (i.e.,
development of a dynamic model, development of a model
transfer function, selection of poles, etc.). However, if that
technique 1s applied to the control system of FIG. 5, the
control tuning process 1s applied to a system featuring
numerous poles. However, alternatively, effective tuning can
also be effectuated by tuning the drift compensator module
480 independently of the control system 400 as a whole.

The independent tuning of compensator module 480 1s
accomplished as follows. Compensator module 480, as
referenced above, 1s a second-order system, and, as such,
features two poles which will dictate the values of Ki and
Km. Thus, 1n order to tune module 480, one selects an initial
set of poles, calculates Ki and Km, and appraises module
480 performance. Although this 1s inherently a trial-and-
error process, well-known to control engineers, use of
critical damping conditions in the selection of poles has been
found to result 1n useful values of Ki and Km. In selecting
a useful mitial estimate for the length parameter associated
with the selection of poles, it has been found that the same
length employed in the FIG. 3 control scheme (i.e., the
control scheme without the drift compensator module), or a
length approximately equal thereto, 1s useful to 1nitiate the
trial-and-error process. Not uncommonly, the control engi-
neer will be able to ascertain that the compensator module
480 has been effectually tuned when the output signal 468
approaches a DC characteristic.
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Multi-Mode Operation

Although the control system described herein 1s extremely
clfective 1n steering the vehicle along a desired path, it has
also been discovered that, during the auto-navigation of the
vehicle across a large area, 1t may be desirable to alter the
response of the control system depending on various con-
ditions. Thus, rather than employing a single set of poles to
govern the control system as it traverses the desired path, it
1s possible to employ multiple sets of poles, or multiple
modes of operation, to govern the control system’s perfor-
mance. The overall response of the control system, and thus
the path of the vehicle, 1s further improved by the use of such
a “multi-mode” manner of operation.

As stated, the key difference between the various modes
of operation lies 1n their use of different sets of poles. These
selected sets of poles determine the controlled overshoot and
the speed of response of the system 1n a particular mode of
operation. An example of such a “multi-mode” mode of
operation, which has proven itself useful in agricultural
applications (1.€., a sprayer applying a herbicide to a field),
follows.

With reference to FIG. 6, as the vehicle navigates across
the field along path A-B, a unique set of poles may be
selected for this “ordinary course” condition or mode of
operation. The set of poles used under this mode (1.e., “Mode
A”) are selected to minimize error and maximize operator
comfort at vehicle positions very near the desired path (e.g.,
less than or equal to one foot).

Once the vehicle reaches point B of FIG. 6, a u-turn 1s
required to align the vehicle with path C-D. In such a
circumstance, the operator will usually reduce vehicle speed
for the u-turn. Thus, the set of poles used under this “u-turn”
mode (1.€., “Mode B”) might well be selected so as to
accelerate the vehicle’s approach to the new path C-D while
the vehicle operates at a slower speed and at a position
further from the desired path (e.g., greater than one foot).
Once the vehicle’s position 1s within one foot of the desired
path, the system would automatically return to a Mode A
mode of operation.

As the vehicle travels along path C-D, operating in Mode
A, if it should encounter an ad hoc disturbance (e.g., a
surface irregularity) which results in an unexpected and
large displacement of the vehicle from the desired path, then
use of a third mode (i.e., “Mode C”) could be employed to
rapidly return the vehicle to the desired path. Mode C might
be utilized when the vehicle 1s traveling at normal speed and
1s located at positions greater than one foot from the desired
path. The Mode C set of poles, compared to Mode A,
reduces vehicle position error at a faster rate. Once the
vehicle’s position 1s within one foot of the desired path, the
system would automatically return to a Mode A mode of
operation.

The three example modes of operation described are
summarized in the table below:

Example:

Modes A, B, and C are dependent Position Error

on vehicle position error and Less than or

velocity equal to 1 foot Greater than 1 foot
Velocity  Less than or equal to Mode A Mode B
11 miles per hour (Use pole set 1)  (Use pole set 2)
Greater than 11 miles Mode A Mode C
per hour (Use pole set 1)  (Use pole set 3)

As 1ndicated, 1n this example, velocity and position error are
the criteria for determining the system mode and the corre-
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sponding set of poles (1.e., pole set one, pole set two, or pole
set three) to use. The selection of the poles in a pole set is
determined 1n accordance with the tuning recommendations
provided above. The Mode B pole set, as compared with the
Mode A pole set, features a greater speed of response with
minimal attention to overshoot considerations. The Mode C
pole set, as compared with the Mode B pole set, features a
moderated speed of response with greater attention to con-
trolling overshoot.

Although 1t would be apparent to one of ordinary skill 1n
the art from this disclosure, just as the operational modes of
control may be made dependent on both the velocity and
position error, as described 1n the example above, the mode
of control might also be dependent upon either one of these
alone (e.g., mode determined based upon velocity alone).
Furthermore, 1t might also be desirable, 1n a particular case,
to make the mode dependent upon other operational
variables, such as time (so that, e.g., a particular set of poles
would be utilized during the first ten seconds after the
control system is engaged).

As stated, the three-mode example provided herein 1s just
that—an example. Any number of modes may be utilized by
the system designer to tailor the system’s performance in the
face of varying conditions. However, the example shown
above provides useful guidance regarding the considerations
that must be taken 1nto account 1n order to establish robust
control.

Eliminating Non-Linearities and Noise

In the section entitled “Tuning the control system: a usetul
step-by-step process,” and, specifically, in the subsection
entitled “Step (a): Development of a dynamic model,” in the
discussion regarding FIG. 4B, 1t was observed that the
dynamic model assumes a linear response of the control
wheel actuator valve, and, if a non-linear valve 1s used, a
compensatory technmique should be used to linearize the
valve’s performance. Because the GPS receiver’s signal
may well contain noise, it may also be possible to both
linecarize a non-linecar valve and filter noise through the
addition of a first-order, or higher order, filter to the mput of
the control wheel actuator.

A useful techmque for accomplishing this 1s depicted 1n
FIG. 7. The vehicle dynamic model, in FIG. 4B, 1s used to
implement a software representation of the vehicle steering
mechanism. Items 702, 704, 706, 708, 710, and 712 from
FIG. 4B are implemented 1n the controller as items 902, 904,
906, 908, 910, and 911 1n FIG. 7, with signal 911 being
analogous to signal 130 i FIG. 3.

The output signal 932 from the summer 912 1 FIG. 7 1s
now directed to conditioning module 990. This module will
have a linear response and is tuned 1n the same manner as
described throughout this specification. The output signal
911 will now have the dynamics associated with a linear
control wheel actuator. This signal 911 1s sent to a hardware
control loop (an example is shown in item 925 of FIG. 7)
that contains the non-linear control wheel actuator 920.

While this hardware control loop can be implemented 1n
a number of configurations. FIG. 7 depicts a first order
proportional control compensator. Control theory suggests
that this loop, regardless of embodiment, should be tuned
such that the lowest frequency pole 1s on the order of four
to five times more responsive than the loop created by 1tems
912, 932, 990, and 911.

If the steering drift compensator 1s employed, then, as
shown 1n FIG. 8, the output of the control wheel sensor,
signal 923, can be used 1n an analogous way as signal 604
in FIG. 5 to generate signal 930 1n FIG. 8. The sole purpose
of signal 930 1s for input into the steering drift compensator

module 980.
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The 1mnvention has been shown and described 1n an agri-
cultural application. However, the mvention should not be
viewed as being limited by the disclosure. Rather, the metes
and bounds of the invention should be understood with
reference to the claims.

We claim:

1. A real-time path-directed controller for navigating an
object along a desired path, said controller comprising:

(a) a position sensor, said position sensor producing an
object position signal to an object position signal
conditioning module, said object position signal con-
ditioning module producing a conditioned object posi-
tion signal to a controller summer;

(b) a heading conditioning module, said heading condi-
tioning module receiving the object position signal and
conditioning the object position signal to produce a
conditioned heading signal to the controller summer;

(¢) a control apparatus sensor, said control apparatus
sensor producing a control apparatus signal to a control
apparatus signal conditioning module, said control
apparatus signal conditioning module producing a con-
ditioned control apparatus signal to the controller sum-
mer; and

(d) a controller summer summing the conditioned object
position signal, the conditioned heading signal, and the
conditioned control apparatus signal to produce a con-
troller summer signal to a conftroller summer condi-
tioning module so as to produce a control apparatus
control signal to a control apparatus controller so as to
direct the control apparatus and thereby direct the
object by feedback control along the desired path.

2. The real-time path-directed controller of claim 1
wherein poles associated with the controller are selected in
accordance with a linear multiplicative-integrative object
dynamic model.

3. A real-time path-directed controller for navigating an
object along a desired path, said controller comprising:

(a) a position sensor, said position sensor producing an
object position signal to an object position signal
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conditioning module, said object position signal con-
ditioning module producing a conditioned object posi-
tion signal to a controller summer;

(b) a heading conditioning module, said heading condi-
tioning module receiving the object position signal and
conditioning the object position signal to produce a
condifioned heading signal to the controller summer;

(c) a control apparatus sensor, said control apparatus
sensor producing a control apparatus signal to a control
apparatus signal conditioning module, said control
apparatus signal conditioning module producing a con-
ditioned control apparatus signal to the controller sum-
mer;

(d) a control apparatus null position conditioning module,
said control apparatus null position conditioning mod-
ule conditioning a distance-differentiated object posi-
tion signal and conditioned control apparatus signal to
produce a conditioned null position signal to the con-
troller summer; and

(¢) a controller summer summing the conditioned object
position signal, the conditioned heading signal, the
conditioned control apparatus signal, and the condi-
tioned null position signal to produce a controller
summer signal to a controller summer conditioning
module so as to produce a control apparatus control
signal to a control apparatus controller so as to direct
the control apparatus and thereby direct the object by
feedback control along the desired path.

4. The real-time path-directed controller of claim 3
wherein poles associlated with the controller are selected 1n
accordance with a linear multiplicative-integrative object
dynamic model.

5. The real-time path-directed controller of claim 1
wherein the controller 1s configured to operate 1n a multi-
mode manner of operation.

6. The real-time path-directed controller of claim 3
wherein the controller 1s configured to operate 1n a multi-
mode manner of operation.
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